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Introduction
The prevalence of the tetrahydropyran subunit in polyether natural products has stimulated the development of synthetic methods for this heterocycle. The preparation of oxygen heterocycles by cyclization reactions, involving free radical chain processes, is currently a topic of great R e~e n t l y ,~ we reported a novel Cu(bpy)Cl-catalyzed process for the preparation of 2-carbomethoxy-3-(l-chloroalky1)tetrahydrofurans 2 via chlorine transfer radical cyclization reactions of methyl 2-(3-alken-1-oxy)9-chloroacetates (la, Scheme 1 0022-326319411959-6671$04.50/0 results in a cyclization product containing a halogen functionality.
While the copper catalyst is highly effective for radical cyclizations to tetrahydrofurans, it failed to promote 6-0 radical cyclization of higher homologues of la to provide functionalized tetrahydropyran~.~ Similarly, the BUSSnH-method failed to bring about 6-exo radical cyclization of the nonactivated alkene 4 (Scheme 21, and only quenching of the incipient radical by BusSnH, leading to 5, was observed.6 Apparently, 6-exo cyclization for 4
is too slow to be of use for this radical cyclization method, even under the high dilution (0.07 M) conditions employed for this reaction. In order to extend the scope of the cyclization reaction of a-alkoxy a-ester radicals, we searched for effective methods to promote 642x0 radical cyclization to tetrahydropyrans or to prepare even larger ring systems. Attention was focussed on atom-or group-transfer cyclization reactions other than the metal-promoted chlorine transfer ring closures studied thus far.8 A method which might be advantageous in this respect is the xanthate transfer radical cyclization technique. Zard and cow o r k e r~~-'~ employed dithiocarbonates in group-transfer additions of alkyl and acyl radicals to olefins. Recently, we reported successful xanthate transfer radical additions of a glycine radical equivalent to alkenes, leading to various novel a-amino acid derivative^.'^ In this paper, we wish to report on the successful use of the xanthate transfer radical cyclization method in the synthesis of five-to eight-membered ring ethers. Thus, 5 -exo radical cyclization (n = 11, but also for six-, seven-, and eight-membered ring formation (n = 2 and n = 31, leading to the xanthate transfer cyclization products 7 andor 8.
Results and Discussion
Synthesis of the Precursors. The precursors 9-14 (Table 1) for the radical cyclizations were prepared from the corresponding alcohols as outlined in Scheme 4. Treatment of the appropriate alcohol with methyl glyoxylate16 in CHZC12, followed by acetylation of the unstable hemiacetal with AczO in pyridine, gave a stable acetate, which was treated with AcCl and HCl(g)17 to give the corresponding chloride in high yield as a sensitive oil. Substitution of the chlorine substituent with a xanthate group was achieved by treatment of the chloride with commercially available potassium 0-ethyl dithiocarbonate in CHzClz for 20 min. In this way the xanthates 9-14 were prepared in yields ranging between 74
and 91%. The synthesis of the chlorides used for the preparation of xanthates 9, 11, and 13 has already been published.5d
The alcohols used for the preparation of 10 and 14 were commercially available, while alcohol 25 used for the preparation of xanthate 13 was obtained from (2)-3-hexenol as outlined in Scheme 5. Reaction of commercially available (Z1-3-hexenol with methanesulfonyl chloride, followed by a reaction with NaCN impregnated on alumina,18 gave cyanide 24 in 97% yield. Hydrolysis of the cyanide with NaOH in methanol,19 followed by reduction with LiAlH4,20s21 gave the desired alcohol 25 in 50% yield.
(16) Generated from the commercially available methyl hemiacetal of methyl glyoxylate through distillation from phosphorus pentoxide (cf. The 2-oxa-6-heptenyl radical cyclizations of xanthates 10-12 showed a preference for the formation of the trans 2,3-disubstituted tetrahydropyrans. This result may be explained by considering chair-like transition states for 6-0 ring closure (Scheme 9),8a and assuming as the most favorable situation the alkene and the ester in a pseudoequatorial orientation as in 32, leading to trans 2,3-disubstituted radical 33. The minor cis isomer may originate from radical 34, with the alkene in a pseudoaxial position leading to 35. For large substituents R2, the transition state 34 may be expected to be even more unfavorable through an increased 1,3-diaxial interaction.
Indeed, the 2-alkene 12 gave a slightly higher transselectivity than the E-alkene 11. Burke and Rancourt7 showed that the use of a bulky trimethylsilyl group situated on the terminal side of the 2-alkene strongly increases this effect and gives only the trans 6-exo cyclization product.
With satisfactory results in hand for both B-exo-and 6-ex0 xanthate transfer radical cyclizations of a-alkoxy Mechanism of the Xanthate Transfer Radical Cyclization. The mechanism of the xanthate transfer radical cyclization reactions of xanthates 9-14 in the synthesis of cyclic ethers is supposed to involve a chain reaction as shown in Scheme 10 for the cyclization of xanthate 14 to oxocane 22. Initiation of the chain occurs aRer the generation of methyl radicals by thermal decomposition of DTBP.8a Addition of a methyl radical to the thiocarbonyl group of 14 gives the carbon-centered radical 36, which is stabilized by three heteroatoms. The preferred addition of alkyl radicals to xanthates rather than hydrogen atom abstraction is apparent from the work of Zard and c o -w~r k e r s .~-~~ The carbon-centered radical 37 arising from carbon-sulfur bond homolysis in 36 enjoys captodative stabilization by geminal donor and acceptor groups.23 Therefore, the formation of 37 will be highly favored compared to the formation of a nonstabilized ethyl radical via homolysis of the carbon-oxygen bond in 36. With Light-Induced Radical Cyclization. The use of ditert-butyl peroxide as a radical initiator in the xanthate transfer radical cyclizations allows the synthesis of a variety of five-to eight-membered ring ethers. In spite of its good performance, we felt the need for a different initiator, because DTBP actually consumes the substrate during initiation via an irreversible reaction of a methyl radical with the xanthate to give methyl O-ethyl dithiocarbonate as an inert product. It was envisioned that the use of benzoyl xanthate 5636 (Scheme 14) as a catalyst in a light-induced radical process might be beneficial in this respect. Barton and c o -~o r k e r s~~ showed that irradiation of a solution of 56 with visible light produces benzoyl radical 57 and xanthate radical 58. We expected that the benzoyl radical would initiate the xanthate transfer cyclization chain.
Indeed, when a solution of xanthate 9 in benzene was irradiated with visible light from a tungsten lamp a t 80 "C for 0.5 h in the presence of 5 mol % of 56, the expected cyclization products 15 and 16 were obtained in a combined yield of 89% &r flash chromatography (Scheme 15). This yield is better than the 71% yield obtained from the cyclization of this xanthate a t 150 "C with di-tertbutyl peroxide (0.3 equiv) as a radical initiator (see Table  1 , entry 1). Both regio-and stereochemistry for these reactions are comparable, with the cyclization product 15 prevailing and a slight preference for the 2,3-cis-disubstituted tetrahydrofuran 15a in both cases. 
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The mechanism for the light-induced xanthate transfer radical cyclization of 9 in the presence of a catalytic amount of benzoyl xanthate is shown in Scheme 14. This mechanism is based on the work of ZardlO on lightinduced intermolecular xanthate transfer additions to alkenes in the presence of this catalyst. Irradiation of a solution of 56 in benzene with visible light generates benzoyl radicals 57 and xanthate radicals 58.36 Addition of 57 to xanthate 9 gives radical 59, which undergoes a homolytic cleavage of the glycolic C-S bond to give the captodative radical 61 and benzoyl xanthate 56. In this step, the catalyst 56 is regenerated. Radical 60 may cyclize to the primary radical 61, which may react with 9 to the desired xanthate transfer radical cyclization product 15 and the captodativeZ3 radical 60 which carries the chain.
Clearly, the catalyst 56 does not consume the substrate, because the initiator for the xanthate transfer radical cyclization is regenerated during the initiation steps (57 to 59 to 601, in contrast to the consumption of xanthate by the methyl radicals which gives methyl xanthate. This is a distinct advantage of the benzoyl xanthate-catalyzed light-induced radical cyclization. Fur-ther research is needed to test if this light-induced radical process with the benzoyl xanthate catalyst is also of use for the preparation of larger ring systems.
Udding et al.
Conclusions
The development of the xanthate transfer cyclization technique for the cyclization of a-alkoxy a-ester radicals markedly improves the synthetic utility of these radical
intermediates. This method appears to be more effective than the known BusSnH-method and the Cu(bpy)Clmethod, allowing not only the synthesis of five-membered ring ethers, but also six-, seven-, and eight-membered ring ethers. This group-transfer radical cyclization is successfully applied in a total synthesis of lauthisan. "he use of benzoyl xanthate as a catalyst allows a visible light-induced xanthate transfer cyclization to a tetrahydrofuran in high yield.
Experimental Section
General Information. Experimental techniques and analytical measurements were applied as previously des~ribed.~~ NaCN impregnated on alumina was prepared according to a literature procedure.18 Methanesulfonic acid hex-3(Z)-enyl ester,37 dithiocarbonic acid S-benzoyl ester 0-ethyl este136 (56), (but-3-eny1oxy)chloroacetic acid methyl chloro(hex-4-eny1oxy)acetic acid methyl and chloro(cyclohex-3-eny1methoxy)acetic acid methyl estelsd were prepared according to literature procedures. Chloride 50 and the chlorides used for the preparation of xanthates 9-14 were quite sensitive. Therefore, these compounds were used immediately after their preparation, without further purification.
Hept-4(Z)-enenitrile (24).
To a solution of methanesulfonic acid hex-3(Z)-enyl ester (1.0 g, 5.6 mmol) in benzene (10 mL) was added NaCN impregnated on alumina (8.4 g). The mixture was heated at reflux for 16 h. 06,17.51, 20.53, 23.10, 119.38, 124.37, 135.11 .
Hept-4(Z)-enoic acid. A solution of 34 (8.56 g, 78.5 mmol) and 342 mL of 25% aqueous NaOH in 170 mL of methanol was stirred at reflux for 16 h. After concentration in vacuo, water was added, and the solution was acidified to pH 5 with concentrated aqueous HC1. The water layer was extracted with EtOAc (three times 250 mL), the organic extract was washed with brine and dried (NaZSOd), and the solvent was removed in vacuo to give hept-4(Z)-enoic acid as a yellow oil (8.37 g, 65.4 mmol, 83%): IR (CHCl3) 3500,3400-2500 (broad), 2960, 1705, 1410; 'H NMR (250 MHz) 6 0.95 (t, J = 7.5 Hz, 3H), 2.05 (quintet, J = 7.4 Hz, 2H), 2.31-2.41 (m, 4H), 5.26-5.34 (m, lH), 5.37-5.45 (m, lH), 9.80 (broad s, 1H); 13C NMR (63 MHz) 6 14.21, 20.50, 22.44, 34.20, 126.35, 133.44, 179.35 .
Hept-4(Z)-en-l-o1(25).
A solution of hept-4(Z)-enoic acid (1.0 g, 7.8 mmol) in anhydrous diethyl ether (24 mL) was added during 15 min to a stirred solution of LiAlH4 (0.33 g, 8.6 mmol) in anhydrous diethyl ether (9 mL) at 0 "C. After heating under reflux for 0.5 h, water (0.32 mL), 20% NaOH (0.24 mL), and water (1.1 mL) were added in succession. Water (50 mL) was added, and the resulting solution was extracted with ether (four times 30 mL). The organic extract was washed with brine and dried (MgS04) and the solvent was removed in vacuo to give 25 (530 mg, 4.64 mmol, 60%) as a colorless oil: IR (CHCl3) 3610,3440 (broad), 2990, 2960, 2930, 2870, 1455 ; ' H NMR (200 MHz) 6 0.90 (t, J = 7.5 Hz, 3H), 1.57 (broad s, lH), 1.63 (quintet, J = 7.4 Hz, 2H), 1.98-2.17 (m, 4H) 23. 43, 32.60, 62.44, 128.22, 132.27; HRMS calcd for CTH140 114.1045 , found 114.1033 .
Acetoxy(pent-4-eny1oxy)acetic Acid Methyl Ester. 4-Pentenol (2.46 g, 28.6 mmol) was treated with methyl glyoxylate (4.16 g, 47.3 mol, 1.65 equiv) in 12 mL of dichloromethane. m e r stirring for 2 h, the mixture was concentrated in vacuo and treated with DMAP (0.17 g, 1.4 mmol) and acetic anhydride (5.4 mL, 57 mmol) in 28 mL of pyridine for 3 h. Evaporation with toluene (three times) and flash chromatography gave acetoxy(pent-4-eny1oxy)acetic acid methyl ester (4.916 g, 22.74 mmol, 80%) as a colorless oil: Rf 0.50 (EtOAd hexane 1:4); IR 3020,2950 IR 3020, ,1750 IR 3020, ,1635 IR 3020, ,1435 IR 3020, ,1370 ; ' H NMR (250 MHz) 6 1.64-1.75 (m, 2H), 2.06-2.13 (m, 2H), 2.13 (9, 3H), 3.58-3.80 (m, 2H), 3.78 (s, 3H), 4.93-5.04 (m, 2H), 5.67-5.81 (m, lH), 5.93 (s, 1H) ; MS FAB 217 ((M + H)+).
Acetoxy(hept-4(Z)-enyloxy)acetic Acid Methyl Ester.
Alcohol 25 (1.04 g, 9.11 mmol) was treated with methyl glyoxylate (1.60 g, 18 mmol) in 5 mL of dichloromethane. After stirring for 18 h, the mixture was concentrated in vacuo and treated with DMAP (110 mg, 0.9 mmol) and acetic anhydride (1.7 mL, 18 mmol) in 9 mL of pyridine for 3 h. Evaporation with toluene (three times) and flash chromatography gave acetoxy(hept-4(Z)-enyloxy)acetic acid methyl ester (1.143 g, 4. 68 mmol, 51%) as a colorless oil: Rf0.45 (EtOAhexane 1:4); MHz) 6 0.93 (t, J = 7.5 Hz, 3H), 1.67 (quintet, J = 7.4 Hz, 2H), 1.99-2.15 (m, 4H), 2.14 (s, 3H), 3.64 (dt, J = 9.4, 6.6 Hz, lH), 3.73 (dt, J = 9.4, 6.6 Hz, lH), 3.79 (s, 3H), lH), 1H) Acetoxy(hex-6-eny1oxy)acetic Acid Methyl Ester. 20. 44 mol) was treated with methyl glyoxylate (3.6 g, 40.9 mmol) in 10 mL of dichloromethane. After stirring for 3 h, the mixture was concentrated in vacuo and treated with DMAF' (cat.) and acetic anhydride (3.9 mL, 41 mmol) in 20 mL of pyridine for 3 h. Evaporation with toluene (three times) and flash chromatography gave acetoxy-(hex-5-eny1oxy)acetic acid methyl ester (3.155 g, 14.73 mmol, 72%) as a colorless oil: Rf 0.55 (EtOAhexane 1:2); IR 3070, 3020, 2950 IR 3070, 3020, , 1750 IR 3070, 3020, , 1630 IR 3070, 3020, , 1435 IR 3070, 3020, , 1370 ' H NMR (200 General Procedure for the Synthesis of a-Chloro Ethers. Freshly distilled acetyl chloride (at least 20 equiv) was added to a 0.5 M solution of the acetate in ether (dry) at 0 "C. Hydrogen chloride gas was passed through this solution at 0 "C for 0.5 h, and the reaction mixture was concentrated in vacuo. This afforded essentially pure chlorides, which were immediately used in the next reaction.
Chloro(pent-4-eny1oxy)acetic Acid Methyl Ester. A solution of acetoxy(pent-4-eny1oxy)acetic acid methyl ester (3.027 g, 14.00 mmol) in 20 mL of ether and 20 mL of acetyl chloride was treated with hydrogen chloride gas at 0 "C for 0.5 h. Evaporation of the volatiles gave chloro(pent-4-eny1oxy)-acetic acid methyl ester (2.493 g, 12.95 mmol, 92 .5%) as a light yellow oil: IR 2950, 1760, 1635, 1435; IH NMR (250 MHz) 2H), 2H), 3.58 (dt, J = 9.5, 6.6 Hz, lH) , 3.82 (s, 3H), 3.96 (dt, J = 9. 5, 6.6 Hz, lH), 2H), lH), 5.79 (9, 1H) .
Chloro(hept-4(Z)-enyloxy)acetic Acid Methyl Ester. A solution of acetoxy(hept-4(Z)-enyloxy)acetic acid methyl ester (1.096 g, 4.487 mmol) in 6.5 mL of ether and 6.5 mL of acetyl chloride was treated with hydrogen chloride gas at 0 "C for 0.5 h. Evaporation of the volatiles gave chloro(hept-4(2)-eny1oxy)acetic acid methyl ester (0.984 g, 4.33 mmol, 97%) as a colorless oil: IR (CHC13) 2990,2950,2870,1755,1435, 1295; lH NMR (250 MHz) 6 0.91 (t, J = 7.5 Hz, 3H), 1.71 (quintet, J = 7.0 Hz, 2H), 1.93-2.14 (m, 4H), 3.56 (dt, J = 9.4, 6.6 Hz, lH), 3.82 (s, 3H), 3.94 (dt, J = 9.4,6.5 Hz, lH), 5.23-5.40 (m, 2H), 5.78 (9, lH, CHC1); 13C NMR (63 MHz) 6 14.19, 20.44, 23.23, 28.64, 53.03, 70.10, 88.59, 127.33, 132.84, 165.64 .
Chloro(hex-6-eny1oxy)acetic Acid Methyl Ester. A solution of acetoxflhex-5-eny1oxy)acetic acid methyl ester (2.034 g, 9.49 mmol) in 14 mL of ether and 13.5 mL of acetyl IR (CHC13) 2990, 2950, 2870, 1750, 1435, 1370 ; ' H NMR (400 chloride was treated with hydrogen chloride gas at 0 "C for 0.5 h. Evaporation of the volatiles gave chloro(hex-5-eny1oxy)-acetic acid methyl ester (1.7011 g, 8.23 mmol, 87%) 6 13.66, 28.27, 29.94, 52.91, 69.10, 70.76, 86.60, 115.06, 137.64, 167.70, 210.89 ; HRMS calcd for CllH1804S2 278.0646, found 278.0659.
[ (Ethoxythiocarbonyl)sulfanyll (hex-4-eny1oxy)-acetic Acid Methyl Ester (11). To a solution of chloro(hex-4-eny1oxy)acetic acid methyl ester (1.503 g, 7.28 mmol) in CHzClz (15 mL) was added potassium 0-ethyl dithiocarbonate (1.225 g, 7.64 mmol). After stirring for 20 min, the mixture was subjected to flash chromatography to give 11 as a yellow oil (1.874 g, 6. (m, 2H), 6.05 (s, 1H); 13C NMR(75 MHz) 6 13.64,17.84,28.76, 28.88, 52.84, 52.89,69.21, 70.70,86.60,86.66, 125.58, 130.10, 167.73, 210.95 ; HRMS calcd for ClzHz004Sz 292.0803, found 292.0799.
[ (Ethoxythiocarbonyl)sulfanyll (hept-4(Z)-enyloxy)-acetic Acid Methyl Ester (12). To a solution of chloro(hept-4(Z)-enyloxy)acetic acid methyl ester (0.908 g, 4.11 mmol) in CHzClz (8 mL) was added potassium 0-ethyl dithiocarbonate (0.679 g, 4.23 mmol) . After stirring for 20 min, the mixture was subjected to flash chromatography to give 12 as a yellow oil (1.148 g, 3.75 mmol, 91%): Rf0.50 (EtOAdhexane 1:4); IR 0.93 (t, J = 7.6 Hz, 3H), 1.43 (t, J = 7.1 Hz, 3H), 1.68 (quintet, J = 7.0Hz, 2H), 1.97-2.12 (m, 4H), 3.58(dt, J = 9.3, 6.5 Hz, lH), 3.75 (dt, J = 9.3, 6.6 Hz, lH), 3.79 (s, 3H), 4.67 (9, J = 7.1 Hz, 2H), 5.25-5.34 (m, lH), 5.35-5.39 (m, lH) , 6.06 (s, 1H); 13C NMR (100 MHz) 6 13.62, 14.23, 20.41, 23.36, 29.08, 52.88, 69.26, 70.71, 86.74, 127.72, 132.52, 167.75, 211 (13) . To a solution of chloro(cyc1ohex-3-eny1methoxy)acetic acid methyl ester (1.567 g, 7. 19 mmol) in CHZCIZ (14.4 mL) was added potassium 0-ethyl dithiocarbonate (1.210 g, 7.55 mmol) . After stirring for 30 min, the mixture was subjected to flash chromatography to give 13 as a yellow oil (1.627 g, 5.34 (m, lH), 1.44 (t, J = 7.1 Hz, 3H), 1.60-2.20 (m, 6H), 3.44-benzene (11 mL) was treated with AIBN (9 mg, 0.055 mmol) and Bu3SnH (0.59 mL, 2.2 mmol) for 0.5 h and concentrated in vacuo. The DBU workup procedure38 was applied as follows.
The residue was taken up in ether (2.2 mL), DBU (0.33 mL, 2.2 mmol) was added, and a 0.1 M solution of 1 2 in ether was added to this solution until the iodine color just persisted. After filtration on a a short silica column (eluting with ether), the mixture was concentrated in vacuo. The residue was chromatographed to give two fractions. The first fraction consisted of (2R*,3R*)-3-ethyltetrahydropyran-2-carboxylic acid methyl ester (28b) (46.0 mg, 0.267 (63 MHz) 6 10.55, 24.08, 25.14, 27.82, 39.35, 51.92, 67.92, 82.14, 171.47 
